Notwithstanding the rapid developments in sequencing techniques, Y and W sex chromosomes have still been mostly excluded from whole genome sequencing projects due to their high repetitive DNA content. Therefore, Y and W chromosomes are poorly described in most species despite their biological importance. Several methods were developed for identifying Y or Wlinked sequences among unmapped scaffolds. However, it is not enough to discover functional regions from short unmapped scaffolds. Here, we provide a new and simple strategy based on k-mer comparison for comprehensive analysis of the W chromosome in Bombyx mori. Using this novel method, we effectively assembled de novo 1281 W-derived genome contigs (totaling 1.9 Mbp), and identified 156 W-linked transcript RNAs and 345 W-linked small RNAs. This method will help in the elucidation of mechanisms of sexual development and exploration of W chromosome biological functions, and provide insights into the evolution of sex chromosomes. Moreover, we showed this method can be employed in identifying heterogametic sex chromosomes (W and Y chromosomes) in many other species where genomic information is still scarce.
Introduction
In most animal species, sex-determination is governed by chromosomal differences involving two common sex determination systems: XX/XY sex chromosomes determine female/male, e.g. in Homo sapiens, Drosophila melanogaster and Anopheles gambiae and other species and WZ/ZZ sex chromosomes determine female/male, e.g. in Bombyx mori, Gallus gallus. Previously people believed a sex determining gene would be localized in a unique sequence domain of a heterogametic sex chromosome; thus many studies were focused on fishing or positioning unique sequence domains on W-or Y-chromosomes. In this way, DMY of the medaka fish was identified as a sexdetermining gene. 1 However, Y and W chromosomes present special challenges for whole genome shotgun assembly, [3] [4] [5] because they are enriched with interspersed repeat elements and segmental duplications. 6, 7 Even though some unique domains exist on Y or W, many transposable elements (TEs) interrupt these unique sequences into short pieces, making it difficult to find such unique domains. Thus, whole genome shotgun methods, even the latest third generation sequencing techniques (e.g. PacBIO) which can produce very long reads, cannot effectively assemble high quality contigs or scaffolds of Y and W chromosomes at present stage, [8] [9] [10] which obstructs studies of sex-determination and sexual development and reproduction. In most genome projects, Y and W chromosome sequences are fragmented into a large number of small, unmapped scaffolds. 11 Recently a few researchers have applied the CQ (Chromosome Quotient) method 12 or YGS (Y chromosome Genome Scan) method 11 to identify Y-linked sequences in these unmapped scaffolds. The CQ method uses the number of alignments from male and female sequence data to determine whether a sequence is Y-linked. 12 The YGS method, on the other hand, is based on a comparison of the assembled genome with female short-reads. 11, 13 We tried to apply both methods in B. mori to find W-derived contigs. However, both methods can only identify limited number of contigs. In CQ method all repeat sequences must be masked and the female to male ratio is not always precise, especially in short sequences (length <¼ 2 kb) with few reads aligned. As YGS method is based on genome sequences, implementing it in species without reference genome is difficult. Consequently, both methods cannot work very effectively in B. mori, especially for short sequences. Hence, neither of them provides a reliable strategy for de novo assembly of Y or W chromosomes, which restricted the application of the two methods in many other species. Just like the previously mentioned two methods, many studies concentrated on how to eliminate repetitive sequences from the sequence data. However, the majority of Y or W chromosomes are composed of repetitive sequences and many functional domains may be inserted into TEs, which means very limited unique contigs can be found if all repetitive sequences are removed. Nevertheless, many mutations accumulate on Y or W repetitive sequences and Y/W chromosome have no recombination with X/Z chromosome, which may generate some specific SNPs that can be used as molecular markers to find Y or W linked sequences. So we can utilize these repetitive sequences, instead of masking them, for identifying Y or W linked sequences. 11 Based on this concept, we applied a novel K-mer Quotient (KQ) method as a more easy, effective and accurate way for comprehensive analysis of the B. mori W chromosome. It can provide a strategy for de novo assembling of contigs of Y or W chromosomes, unlike the CQ or YGS method. Moreover, in addition to B. mori, we successfully applied this method to two diptera, D. melanogaster and An. gambiae, as XX/XY sex determination species. As a complete genome sequence is not necessary and removal of repeat sequences is not needed for the successful implementation of our method, it can also be applied to species where genomic information is scarce. Additionally, the KQ method can be extended for the identification of Y or W-linked transcript RNAs and small RNAs, thus providing an innovative approach to study the functions of W or Y chromosomes without complete sequence information.
Materials and methods

Short reads
All sequencing data produced in the present study have been deposited in the NCBI Short Read Archive and can be accessed under the SRA accession number PRJNA393916. 
Criteria for filtrating valid W-specific k-mer
The genome sequence of males and females differ only by the W chromosome, which produces W-specific k-mers. These k-mers are present only in the female data, but absent from the male data. Before doing a female vs. male k-mer comparison, removal of sequencing errors in the reads is important in order to achieve high resolution. This was done using two criteria: (i) masking low quality bases and (ii) filtering k-mers with rare frequency. Specifically, for the B. mori reads, the sequencing errors were filtered by masking bases with phred score <20 and removing 15-mers that were present fewer than 5X in reads. Counting k-mers for separate female and male data and removal of sequencing errors can be done using Jellyfish. 16, 17 We set up the KQ parameter, for a given k-mer Ki,
, where M(ki) is the frequency of Ki in male reads, F(ki) is the frequency of Ki in female reads. To obtain reliable W-derived k-mers, we used the strict criterion of KQ ¼ 0. To reduce the interference of individual polymorphism in sequencing reads, we filtered out these k-mers (KQ ¼ 0) with low frequency (<15, Supplementary Fig. S1 ) in female reads.
W-derived reads and de novo assembly strategy
Reads containing W-15-mers could be W-derived and therefore called W-reads. We screened the W-reads from B. mori Illumina female reads with Bowtie. 18 Since the reads were paired ends, if a single read sequence was W-derived (contained W-15-mer), its corresponding pair end read could be also W-derived even without a W-15-mer. Based on this assumption, we screened W-derived pairedend reads and assembled them using the MaSuRCA assembler. To prevent incorporation of invalid contigs originating from misassembly, a criterion was followed to filter out invalid contigs. We aligned all the W-15mers to all contigs with 0 mismatch using Bowtie, and calculated the amount of W-15-mers per Kb sequence (AWK) for each contig. From the scatter distribution map ( Supplementary Fig. S2 ), we found that when the AWK value was less than 10, the scatters deviated from the main trend line, indicating that such contigs with fewer W-15-mers were possibly not W-derived. Thus, we set a threshold of AWK ¼ 10 for filtering invalid contigs. Whereas in the case of very short contigs (less than 1 kb), we suggested that at least 10 W-15-mers were required to be aligned to such contigs.
AWK threshold in transcripts and small RNAs
For identification of W derived contigs from the already assembled genome sequences, it is also appropriate to set the same threshold with AWK ¼ 10 as followed previously. However, for identification of transcripts and small RNA sequences we must follow different criteria. Considering that de novo assembled RNA transcripts were composed of different exons and free from introns, we could increase the threshold to AWK ¼ 50 for W-derived transcripts. Thus, we suggested that it is better to choose a number from 10 to 50, since the higher AWK value gave more reliable results but fewer W-derived transcript RNA candidates and the lower AWK values gave more candidate sequences but less reliable results. As for the small RNAs, we counted the number of aligned W-15-mers for each small RNA and set a threshold with no less than three aligned W-15-mers. Similarly, this threshold is also flexible and can be increased for higher confidence results, or can be decreased for a higher number of W-linked small RNA candidates.
Application and limitation of the KQ method
Different species have different genome sizes and therefore the k value of k-mer needs to be changed according to the genome size.
The k-mer size should be large enough so that identical k-mers seldom occur from sequencing errors. 19, 20 On the other hand, run time and memory usage would be sharply increased with larger k values. Thus, k ¼ 15 for Drosophila, and k ¼ 18 for humans are typical values used for filtering errors in short reads from these genomes. 19, 20 Taking the above information and results from the YGS method into consideration, we recommend initial values of k ¼ 15 for insect-like genomes (approximately size 100-500 Mb) and k ¼ 18 for vertebrate-like genomes (approximately size 2 Gb).
Molecular biology methods
Bombyx mori (Dazao strain) larvae were reared on fresh mulberry leaves in a dedicated silkworm rearing room at ambient temperature (23-27 C). Genomic DNA samples were separately isolated from virgin female and male individuals with tissue DNA kits (OMEGA, Norcross, GA). In the case of W contigs that had autosomal or Z paralogs, primers for genomic DNA PCR were designed considering the differences between the autosomal or Z paralogs and the W sequence at the 3' end of the primer. PCR was performed with GO Taq DNA Polymerase (Promega, Madison, WI; Supplementary Table S1-S3), RNA was isolated from individual embryos following the traditional Trizol method (Ambion, Carlsbad, CA) using the total RNA isolation protocol according to the manufacturer's instructions. Residual DNA in samples was used to identify the gender of each embryo with the W_seq1 marker (Supplementary Table S1 ). Total RNA (following DNase treatment) was subjected to reverse transcription using a PrimeScript TM RT Master Mix (Perfect Real Time;
TaKaRa, Kusatsu, Japan) in 50 ll reaction volume (2500 ng total RNA) and then diluted 5-fold. One lg of cDNA was used in 10 ll PCR reaction volume. Small RNAs (following DNase treatment) were subjected to reverse transcription using a Mir-X TM miRNA
First-Strand Synthesis Kit (TaKaRa, Kusatsu, Japan). qPCR was performed with SYBR Premix Ex (TaKaRa, Kusatsu, Japan). Fig. 1 , exchange M(ki) and F(ki) position in XX/XY species]. The results were similar to B. mori, which confirms that KQ may be applied to most sexually heterogametic species. In our assumption, these W or Y-specific 15-mers (KQ ¼ 0) could be used as labels to identify sequences from W or Y chromosome. To verify such an assumption, we first applied it to D. melanogaster Y, which has been relatively well sequenced. We aligned all Y-specific 15-mers (Y-15-mers) of D. melanogaster to its genome scaffolds (Genebank assembly accession: GCA_000001215.4), and a parameter named AYK (Amount of Y-15-mers per Kb sequence) was created for each scaffold. Based on the analysis of each scaffold's AYK value and length ( Fig. 2A) , we could show clearly that the majority of scaffolds are Y-derived (red points) when AYK >¼10, while scaffolds of X or autosome (blue and green points) are with the AYK < 10 and some unmapped scaffolds (grey points) with AYK value >¼10 are also possible Y-derived. The result confirmed that our KQ method could effectively identify Y-linked sequences. Except KQ method, we also applied previous CQ and YGS method in D. melanogaster, and compared the results of three methods to evaluate which method could be most effective (We only selected contigs with AYK >¼50 in KQ method to unify the standard of three methods). For 200 already known Y-scaffolds, CQ method could identify only 63 of 200 as Ylinked, whereas YGS identified 106 and our KQ provided 154 Yscaffolds. Figure 2B showed that for more than 5 kb scaffolds, three methods could identify most Y-linked scaffolds, whereas for less than 5 kb, KQ method worked obviously better than the other two methods. Thus, compared with other two methods, KQ method performed more effectively for short scaffolds (less than 5 kb). As Y and W chromosome sequences are usually fragmented into a large number of short and mostly unmapped scaffolds due to highly repetitive sequences, KQ method would have wider application in heterogametic organisms, particularly for the species in which genomic information is still scarce.
Results and discussion
De novo assembled W specific genome contigs and identification of W-BACs
We obtained 93,942 high-frequency 15-mers (frequency >¼15 in female reads), where the KQ values were zero in B. mori. These 15-mers (W-15-mers) could not be aligned onto a male genomic assembly, which strengthened the likelihood of W-specificity. As reads containing W-15-mers could be W-derived, we aligned all the W-15-mers to female genome sequencing reads and screened the reads containing W-15-mers. We obtained about 1.1 million HiSeq paired-end reads (101 bp, 216 Mbp) and 0.6 million MiSeq paired-end reads (250 bp, 300 Mbp) as W-derived reads, which were assembled into 6718 W-specific contigs using the MaSuRCA assembler. 21 We set a threshold AWK (Amount of W-15-mers per Kb sequence) value ¼ 10 and considered contigs with an AWK value greater than 10 as valid W-specific contigs ( Supplementary Fig. S2 ). Eligible contigs of 1281 were selected with a total length of around 1.9 Mb, which covered almost 1/10 of the W chromosome. To confirm these contigs were indeed W-derived, we randomly chose 10 of them (named W_Seq1 to W_Seq10) for a separate PCR test with female and male genomic DNA. The primers were designed to have W-15-mers at the 3' end and used a relatively high annealing temperature to reduce the likelihood of primer mismatch. [22] [23] [24] PCR bands appeared only in females for all 10 primer pairs, (Fig. 3A) , indicating that all of them were W-specific. To obtain the fine structure of the W chromosome, we used this method to find W-derived bacterial artificial chromosomes (BACs) in silkworm BAC libraries. The silkworm BAC reference library (derived from both sexes) contains 74,717 BACs, for which about 200-500 bp ends have already been sequenced with the Sanger ABI3730 sequencer. 25 Using the threshold AWK value ¼ 10,122 BAC end sequences were obtained to be putatively W derived, and we chose 10 of them at random to confirm their W specificity by PCR test against female vs. male genomic DNA (Supplementary Table S2 ). The presence of PCR bands only in female genomic DNA confirmed (Fig. 3B ) that all 10 BAC end sequences were W-specific, i.e. the corresponding BACs were also W-derived. The results indicated the KQ method could effectively assemble and identify contigs originating from the W chromosome. These contigs will be invaluable in the search for W-specific PCR markers. The length of B. mori W chromosome may have the same size with Z chromosome (20 M) depending on the relative cytogenetic length 26 and if we obtain a sufficient number of W-BACs, it would be possible to construct BAC contigs covering the whole W chromosome.
Identification of W-linked transcript RNAs
Use of RNA-Seq has improved the identification of a large number of cellularly expressed RNA species. However, little information is reported on how many of these are actually transcribed on the W chromosome. Here, we applied the KQ method to RNA-Seq data derived from silkworm embryos to find W-linked transcripts. We performed deep RNA-Seq for 0-24 h post-oviposition (hpo) mixed embryo samples (each sample contained 5-6 unsexed embryos), which we assembled de novo using the Trinity assembler, 27 and obtained 175,492
transcript RNAs including different alternative splicing isoforms. We then screened for valid W-derived RNAs with a strict threshold of AWK value ¼ 50 and thus selected a total of 156 candidate W-linked RNAs. Using an expression heatmap to analyse the data (Fig. 4A) , we observed two main expression clusters: in Cluster A RNAs initiated from 16 hpo; in Cluster B RNAs were continuously expressed from 0-24 hpo. To confirm that these RNAs were indeed W-derived, five candidates were selected for examining their expression in individual embryos. We designed primers using their W-k-mers (Supplementary  Table S3 ) in the same way as for W-BAC ends. We isolated both DNA and RNA from single embryos aged 16 hpo, and used DNA to detect the presence of the W chromosome by PCR ( Supplementary  Fig. S3 ), while we followed RNA by RT-PCR to examine expression (Fig. 4B) . The RT-PCR results showed cluster A RNAs were expressed only in female embryos, whereas cluster B RNAs were expressed in both female and male embryos. For further verification, we performed a separate PCR test of both cluster A and B RNAs with female and male genomic DNA. For these five RNAs, PCR bands appeared only in female genomic DNA (Fig. 4B) , indicating both cluster RNAs were transcribed on the W chromosome. These results suggested that cluster B RNAs are very likely to be maternal RNAs deposited in the embryos as they are present throughout early embryos of both females and males. An interesting phenomenon in RT-PCR of cluster B RNAs is that bands were brighter in female than in male, which indicated the expressions of cluster B RNAs are different in female and male embryos. Thus, we did the qPCR of a cluster B RNAs (DN42314_c0) in female and male embryos from 0 to 36 hpo, and found sex-biased expression starting from 8 hpo (Fig. 4C) . The expression levels were almost same in both sex embryos before 8 hpo, but after that, it seemed to fade away in male embryos and de novo expressed in female embryos.
Annotation of W-linked transcript RNAs
We found 156 W-linked RNAs, among which we predicted 134 were non-coding RNAs by their Coding-Non-Coding Index (CNCI). 28, 29 Non-coding RNAs, most of which are long ncRNAs (lncRNAs), are the main repertoire of the transcripts expressed from the W chromosome. We found 93 ovarian piRNAs among the lncRNAs through NCBI BLAST, which implied many lncRNAs seemed to be precursors of piRNAs.
With GO annotation and an NCBI BLAST search of 22 candidate coding RNA sequences, we found that many of them had high similarity with some B. mori uncharacterized genes located on an autosome or Z chromosome (Supplementary Table S4 ), suggesting these genes may have been translocated onto the W chromosome through transposons during evolution. 30 The GO analysis showed that these coding transcripts were diverse, possibly involved in DNA integration and metabolic processes, nucleic acid binding, nucleotidyltransferase activity, etc. (Supplementary Fig. S4 ).
Identification of W-linked small RNAs
The W chromosome being a source of female-enriched piRNAs 31 indicates that W chromosome function mainly depends on them. For example, Fem piRNA was reported to be the primary sex-determiner in silkworm. 32 As small RNAs are usually around 18-30 nt, it is difficult to determine whether or not they are W-derived. Using shorter length W-15-mers, the KQ method can also be used to identify W-derived small RNAs from the pool of small RNA sequences in B. mori. Kawaoka et al. (2008) identified 38,493 small RNA species from ovarian RNA (pupa day 4) in the silkworm, while we identified 72,439 small RNA species from embryo RNA of day 8 pupa. We merged the two small RNA datasets, which amounted to 106,717 small RNA species and then aligned W-15-mers to all these small RNA sequences to screen small RNAs with no fewer than three aligned W-15-mers, resulting in 345 candidates. Their sizes were mostly around 27-29 nt (Fig. 5A ) with a strong bias for U(T) at the 5' end, indicating that most of the W-linked small RNAs were piRNAs. We randomly chose 5 small RNAs out of the 345 candidates to check their expression levels using RT-PCR in separate female and male pupal cDNA (day 4, Supplementary Table S5 ). The bands appeared only in females for all the five small RNAs (Fig. 5B) , which demonstrated that they were indeed W-derived.
Discussion
In this study, we first explored the existence of W or Y-specific 15-mers in B. mori, D. melanogaster and An. gambiae, then developed the KQ method and obtained a successful result in D. melanogaster. After that, we applied KQ method in B. mori to assemble W-linked genome contigs and to identify W-linked transcript RNAs and small RNAs effectively. In contrast to the previously reported CQ and YGS methods, our KQ method is more effective and accurate RT-PCR (cDNA) showed expression as cluster A (female embryos specific) or cluster B (in both female and male embryos). However, a PCR test of genomic DNA showed both transcript RNAs were female-specific, indicating that they are W-derived, but cluster A RNAs are zygotically expressed in female embryos whereas cluster B RNAs are probably maternal RNAs deposited into eggs. (C) qPCR of a cluster B RNA (DN42314_c0) from 0 to 36 hpo exhibited its sex-biased expression in embyos.
especially in short sequences. In addition, the KQ method opens up a novel approach for de novo assembly of W contigs, and is now the only method available to identify W or Y-specific small RNAs. Also KQ method can be used to identify sequences linked to X or Z chromosome if we used X or Z-specific 15-mers (KQ value around 2). As a genome reference sequence is not necessary, the KQ method can be applied to most species with heterogametic sex chromosomes where genome information is scarce, and it could become an useful tool for obtaining whole genome information of heterogametic sex chromosomes (Y or W).
The complete biological function of the B. mori W chromosome is still unclear. Although many scientists have tried to uncover the biological process of sex-determination in this species, 2,26,32 the lack of W chromosome specific sequence information hinders the annotation and molecular studies of the W. Here, we showed that the KQ method could help in drastically changing this situation. We obtained W-linked transcripts and small RNAs without the use of complete genome sequences. These RNA sequences will be helpful in the functional study of the W chromosome. Based on preliminary transcript RNA analysis, we found many lncRNAs and a few possible coding RNAs expressed from 16 hpo when the sex-determination cascade initiates, 33 and which may be involved in the sex determination process. Many lncRNAs seem to be the precursors of piRNAs, and our small RNA analysis showed that most W-linked small RNAs are likely piRNAs, which indicates that piRNA based gene regulation may be the main function of the B. mori W chromosome. piRNA associates with PIWI family proteins whose complexes cleave target sequences to silence genes or transposons (Aravin et al. RNA, silencing of Masc by Fem piRNA is required for the production of female-specific isoforms of Bmdsx in female embryos and that a Masc-associated process may control both dosage compensation and masculinization in male embryos. 32, 34, 35 This suggests that W-linked non-coding RNAs, especially piRNAs, play important roles in sex-determination and dosage compensation, and may be the main functional form encoded on the W. Also many W-derived piRNAs are expressed at the pupal period, which may function to maintain germline stem cells, 36, 37 suggesting that the effects of Wlinked piRNAs are continuous throughout female life.
